Four Solanum tuberosum L. cultivars (Nicola, Pito, Puikula, Timo) and somatic hybrids between freezing tolerant S. commersonii and freezing sensitive S. tuberosum were evaluated for their tolerance to freezing and low temperature photoinhibition. Cellular freezing tolerance was studied using ion leakage tests and the sensitivity of the photosynthetic apparatus to freezing and high light intensity stress by measuring changes in chlorophyll fluorescence (F V /F M ) and oxygen evolution. Exposure to high light intensities after freezing stress increased frost injury significantly in all genotypes studied. Compared with S. tuberosum cultivars, the hybrids were more tolerant both of freezing and intense light stresses. In field experiments the mechanism of frost injury varied according to the severity of night frosts. During night frosts in 1999, the temperature inside the potato canopy was significantly higher than at ground level, and did not fall below the lethal temperature for potato cultivars (from -2.5 to -3.0°C). As a result, frost injury developed slowly, indicating that damage occurred to the photosynthetic apparatus. However, as the temperature at ground level and inside the canopy fell below -4°C, cellular freezing occurred and the canopy was rapidly destroyed. This suggests that in the field visual frost damage can follow from freezing or non-freezing temperatures accompanied with high light intensity. Therefore, in an attempt to improve low temperature tolerance in potato, it is important to increase tolerance to both freezing and chilling stresses.
Introduction
Frost is a freezing temperature that damages cultivated plants (Pessi 1960) . Severe frosts occur when the temperature at ground level falls below -3°C (Solantie 1987) . Cultivated potato, Solanum tuberosum L., is a freezing or frost sensitive species and is severely injured at temperatures below -3°C (Chen and Li 1980) . Therefore, severe frosts, which interrupt the growing season in August in Finland, can reduce potato yields (Valmari 1965) . According to meteorological data, late autumn frosts and spring frosts cause less damage in Finland than early autumn frosts (Pessi 1958 , Valmari 1965 .
Frost damage can be prevented to some extent by using appropriate cultivation practices. Early planting and pre-germination of potato seed tubers speed up growth and lengthen the growing period. By choosing suitable locations and soil types, the severity of frost damage can be reduced (Valmari 1965) . Sufficient nitrogen fertilisation can also reduce frost damage to potato by increasing leaf area and ability to capture heat radiating from the soil during a frost. A larger undamaged leaf area also enhances the recovery processes and ensures growth continuation after frost (Valmari 1959) . In practice, nitrogen fertiliser is applied to optimise potato yield and quality and prevent frost damage.
Freezing tolerance among S. tuberosum cultivars does not vary significantly. There are, however, many wild potato species, including S. commersonii, which can tolerate -4.5°C. S. commersonii also has the ability to cold acclimate, that is to improve freezing tolerance when exposed to low, non-freezing temperatures (Chen and Li 1980) . S. tuberosum cultivars are freezing sensitive and unable to cold acclimate. This has increased interest in transforming S. tuberosum germplasm using genes from freezingtolerant wild potatoes. Cardi et al. (1993) produced the somatic hybrid SH9 (S. commersonii P1243503 (+) S. tuberosum SPV11) that is more cold tolerant than the S. tuberosum SPV11 parental line. A hybrid progeny segregating for freezing tolerance and acclimation capacity was produced by selfing the somatic hybrid SH9A (Seppänen et al. 1998) . Those results indicated that the freezing tolerance of hybrid parents can be completely restored in the selfed progeny and genotypes with as good freezing tolerance as S. commersonii were identified.
Frost injury in the field develops slowly implying that the primary injury takes place in the photosynthetic apparatus (Steffen and Palta 1989b) . Injury to the photosynthetic apparatus causes photoinhibition, a reduction in photosynthesis in the presence of light (Krause 1994) . At low temperatures the energy flow from the photosystem may exceed the demand of metabolic pathways and lead to excess excitation in the chloroplasts. In general, growing conditions that include frosts suppress photosynthetic carbon metabolism and increase the potential for overexcitation of the photosynthetic apparatus, and thus result in photoinhibition (Huner et al. 1993 , Krause 1994 , Long et al. 1994 . Photoinhibition is therefore commonly recorded in field-grown potatoes . Cultivated potato and the wild freezing-tolerant relatives S. commersonii and S. acaule suffer from photoinhibition if exposed to low temperature in the presence of light , Steffen and Palta 1986 , 1989a ,b, Steffen et al. 1989 , 1995 , Griffith et al. 1994 ). Light stress is also an important component of freezing injury in field grown potato since freezing temperatures are usually followed by bright mornings. Steffen and Palta (1989b) reported that light after a frost episode increases injury in S. acaule.
Chlorophyll fluorescence is a sensitive method for detecting changes in photosynthetic capacity due to various stresses (Bolhàr-Nordenkampf and Öquist 1993). During photoinhibition, the decline in variable to maximum fluorescence correlates with the decrease of quantum yield of O 2 evolution (Demming and Björk-man 1987, Krause et al. 1990 ). This technique has therefore been extensively used in studies on photoinhibition and has been found to be useful also in screening for freezing tolerance in potato (Sundbom et al. 1982 , Smillie and Heth-Vol. 10 (2001 ): 153-163. erington 1983 , Graeves and Wilson 1987 , Kristjandottir and Merker 1993 .
Here we characterise the frost tolerance of S. tuberosum cultivars and compare it with that of S. commersonii x S. tuberosum hybrids. Frost tolerance is separated into two parameters: tolerance to freezing and tolerance to low temperature photoinhibition. Frost tolerance and the development of frost injury were monitored by visual scoring of plants in growth chambers and in the field, and by following the changes in fluorescence kinetics after frost treatments in the laboratory.
Material and methods

Plant material
Tubers of commercially available S. tuberosum cultivars, Nicola, Pito, Puikula and Timo, were obtained from the Tuber Seed Centre (Tyrnävä, Finland). The somatic hybrid, SH9A (S. commersonii PI243503 (+) S. tuberosum SPV11), was kindly provided by Dr. T. Cardi, CNR-IMOF, Research Institute for Vegetable and Ornamental Plant Breeding, Italy (Cardi et al. 1993) . Potato hybrids, 1020 and 2051, were produced by selfing SH9A and characterised as freezing tolerant (1020) or freezing sensitive (2051) (Seppänen et al. 1998) . The hybrids were propagated in vitro and grown for four to six weeks prior transfer to the greenhouse. In the greenhouse, all potato plants were grown in pots (diameter 15 cm) containing 10:1 (v/v) peat and sand. They were maintained at 20/15°C day/night temperatures and 18 h photoperiod of 220 µmol m -2 s -1 supplied by SON-H/350 W lamps (Philips, Belgium).
Controlled frost treatments in the growth chamber
Experiment 1: Potato plants (n=3) were exposed to controlled frost treatments in a growth chamber (Weiss Bio 1300, Germany). Plants were transferred to growth chambers from greenhouse and controlled frost treatments were initiated immediately. The ambient temperature was gradually lowered from 10°C to the target temperature in 11 hours. Plants were exposed to the minimum temperature (-3°C or -5°C) for 2 hours before the temperature was raised to 2°C over 5 hours. Measurements on photosynthetic activity after freezing treatment (FR) were carried out at this point. In nature early autumn frosts take place at low light intensity or in darkness. after the temperature had been decreased to 6°C. After taking fluorescence measurements from low temperature treated plants, the plants were exposed to high light intensity (HL) (700 µmol m -2 s -1 ) for four hours while the temperature was increased to 10°C. The development of frost damage was followed at 15/10°C (day/night) with an 18 h photoperiod of 100 µmol m -2 s -1 until 24 hours (RE1) and 48 hours (RE2) after controlled frost treatments.
Experiment 2: In order to minimise experimental variation in freezing and conditions of high light intensity caused by morphological differences (plant height, leaf orientation) between the genotypes, excised leaf discs were used. Three leaf discs (Ø 3 cm) from three individual plants were excised and placed in test tubes containing wet tissue at the base. The tubes were put into a controlled cooling unit (Lauda RK20 KP, Germany) at 1°C and the temperature was decreased to -1°C within two hours. Extracellular ice formation was initiated by adding small ice crystals into the tubes. The temperature was decreased to freezing at -3°C during two hours. The minimum temperature (-3°C) was maintained for one hour before being increased gradually (1°C/h) to 4°C and maintained overnight. Measurements on photosynthetic activity were carried out after freezing (FR), before the leaf discs were put into petri dishes on a section of wet paper towel. The plates were then placed in ice boxes and exposed to a maximum photon flux density (PFD) of 700 µmol
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-2 s -1 for 4 h (FR + HL). After treatment with high light intensity photosynthetic activity was measured again (FR + HL) and the leaf discs were transferred to a growth chamber at 15/10°C (day/ night) with an 18 h photoperiod of 100 µmol m -2 s -1 where the recovery was followed similarly as in Experiment 1.
Freezing tolerance and visual frost injury
Freezing tolerance was measured using an ion leakage method (Seppänen et al. 1998) . LT 50 -value (lethal temperature where 50% of ions have leaked out from the cell) was calculated as an average of at least three replicate plants by using an LT 50 -program (Janacek and Prasil 1991) . The development of frost injury was visually evaluated similarly in growth chamber and field experiments. For visual scoring a scale from 1 to 5 was used, where 5 referred to an undamaged plant and 1 to a severely damaged plant. In the field experiment the upper and lower canopies were assessed separately. The development of frost injury was followed in 1998 and 1999 and the severity was expressed as a percentage of damaged leaf area. Air temperature was monitored at two meters height (min, max, mean), at ground level (Gmin) and inside the potato canopy during the development of frost injury.
Photosynthetic activity
Frost injury to the photosynthetic apparatus was monitored by chlorophyll a fluorescence and oxygen evolution measurements. Chlorophyll fluorescence, a variable of maximum fluorescence yield (F V /F M ), was monitored with a Hansatech fluorometer (Hansatech FMS-2) after 10-min dark adaptation. Oxygen evolution was measured with a Hansatech oxygen electrode (Hansatech Ltd., King's Lynn, U.K.) at 10°C under a photon flux density of 400 µmol photons m -2 s -1 . Chlorophyll fluorescence and oxygen evolution measurements were made from three upper leaves of potato plants (Experiment 1) or from excised leaf discs (Experiment 2). Changes in F V /F M and oxygen evolution were followed prior to and after the stress treatments: before stress treatments (C), after freezing (FR), and after freezing and high light intensity treatments (FR + HL). The recovery from the stress treatments was monitored over 24 h (RE1) and 48 h (RE2) after the high light intensity treatment.
Results
Freezing tolerance and visually rated frost damage
Potato hybrids 2051, SH9A and 1020 were significantly more tolerant of freezing than S. tuberosum cultivars Puikula, Pito and Timo (Table 1). Nicola had significantly better freezing tolerance than Puikula. However, when frost tolerance was evaluated in the growth chamber by applying both freezing and light stress, none of the potato genotypes were severely injured at -3°C, although the freezing temperature in the chambers was lower than the critical temperature, which was measured by ion leakage tests (Fig. 1a , Table 1 ). All S. tuberosum cultivars suffered from significant injury when the freezing temperature was lowered to -5°C during the frost treatments (Fig. 1b) . Due to the large standard deviation between the replications error bars are not shown in the figure. In the hybrid SH9A only minor injury was observed after the frost treatment.
In the field experiments, the development of frost injury was evaluated separately on leaves of the upper and lower canopy (Figs. 2a, 2b ). In 1998, the canopy was completely destroyed by night frosts on 31 August and 1 September. The first night frost lasted for 5 hours and the temperature decreased to -4.4°C at ground level, to -2.2°C at two meters and to -1.4°C in the canopy (data not shown). During the following night, the ambient and internal canopy temperatures dropped below the lethal level to -4.5°C. In 1999, frost injury began to develop slowly in the Fig. 1 . The development of freezing injury under laboratory conditions during controlled night frosts. Four potato cultivars (Puikula, Pito, Timo, Nicola) and a somatic hybrid SH9A (S. commersonii (+) S. tuberosum SPV11) were exposed to a freezing night (FR) and subsequent high light intensity (700 µmol m 2 s -1 ) (FR + HL). After freezing and high light intensity treatment (FR + HL) the development of freezing injury was monitored over 24-hours (RE1) and 48-hours (RE2). C referes to frost injuries in conditions prior to frost treatments. Two temperatures were used in freezing treatments (FR) a) -3°C and b) -5°C. Visual scoring: 1 -severe damage, 5 -no visual damage. Table 2 for air temperatures during the frost period.
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upper leaves immediately after the first night frost of 20 August (Fig. 2a) . Injury continued to proceed slowly although several night frosts occurred during the following nights (Table 2) . Within the first three days the development of frost injury was slightly faster in cultivars Pito and Nicola but after seven days there were no differences between the cultivars. Visual frost injury was monitored in the lower canopy only after the freezing temperature during the night frost was decreased to -4.2°C at ground level (Fig. 2b, Table 2 ).
During the development of frost injury (from 20 to 27 August 1999) (Fig. 2a) , air temperature in the potato canopy did not decrease below freezing ( Table 2 ). The temperature in the canopy was higher than the minimum temperature at two meters (Min). Although potato plants were not exposed to freezing during the frost episode, bright daylight (clear sky) after the first two freezing nights may have increased injury to the canopy.
In 1999, the minimum temperature at two meters was two to three degrees higher than at ground level, forming a temperature gradient close to the soil surface. Since the position of the potato canopy in this temperature gradient may have affected the severity of frost injury, the height of the potato cultivars was plotted against the degree of frost injury (data not shown). No correlation was found (R 2 = 0.12), indicating that the height of the potato cultivar had no influence on frost tolerance. It also suggests that freezing injury in taller genotypes was not due to exposure to lower temperature.
Tolerance to low temperature photoinhibition
The tolerance of the photosynthetic apparatus to low temperature photoinhibition was studied by monitoring changes in variable to maximum fluorescence (F V /F M ) and oxygen evolution after controlled frost treatments. When the plants were exposed to night frost at -3°C, no reduction in fluorescence kinetics was detected in any of the genotypes (data not shown). When the freezing temperature during a night frost was decreased to -5°C, a significant reduction in F V /F M was detected in all S. tuberosum cultivars. The most significant reduction was measured in Nicola (-26%) whereas there was no change of F V /F M in the hybrid SH9A (Table 3 ). In S. tuberosum cultivars the high light intensity treatment increased damage to the photosynthetic apparatus (FR + HL) and caused lethal injury within 24 hours (RE1).
To avoid supercooling and ensure complete freezing of potato leaves, leaf discs rather than entire plants were used for controlled frost experiments (Table 4 ). Freezing to -3°C led to significant reduction in F V /F M only in Timo. However, in both cultivars oxygen evolution decreased to zero after freezing treatment indicating that lethal injury to the photosynthetic apparatus had occurred. The photosynthesis of hybrid 2051 was also sensitive to freezing, decreasing as the oxygen evolution decreased from 14.2 to 9.1 µmol s -1 m 2 . 2051 was also the most freezing sensitive potato hybrid (Table 1) . For the more freezing tolerant hybrids, SH9A and 1020, no decrease in oxygen evolution was recorded after freezing (Table 4) . High light intensity treatment after freezing stress (FR + HL) caused a significant reduction in F V /F M in all genotypes studied. Oxygen evolution measurements indicated that all genotypes had undergone lethal damage to the photosynthetic apparatus. In this experiment, oxygen evolution was not monitored during recovery. Table 3 . Development of the variable to maximum fluorescence (F V /F M ) in potato plants exposed to controlled frost at -5°C in growth chambers (See: Material and methods; Experiment 1). SE -standard error of mean; n = 6. The change in F V /F M is expressed as % from the F V /F M -value of before the treatments.
Genotype
Before treatments After FR * After FR + HL ** Recovery 24 h Recovery 48 h (RE1) (RE2) Table 4 . The effect of freezing (FR) and high light intensity (HL) on the variable to maximum fluorescence and on oxygen evolution (µmol s -1 m 2 ) in potato leaf discs. The reduction of F V /F M as % of untreated control is shown in parenthesis. Two potato cultivars Timo, Nicola and the somatic hybrid SH9A and hybrids 1020 and 2051 were examined. For fluorescence measurements SE -standard error of mean; n = 9, and for oxygen evolution SE -standard error of mean; n = 3.
Before treatments After FR ** After FR and HL ** 
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Discussion
Frost injury to membranes and to the photosynthetic apparatus Solanum tuberosum cultivars differed only slightly from each other in their tolerance to freezing and low temperature photoinhibition. According to results from the ion leakage tests, Nicola was most tolerant of cellular freezing. However, when the tolerance to low temperature photoinhibition was evaluated using chlorophyll fluorescence measurements, the reduction in photosynthetic efficiency was highest in Nicola. Ion leakage tests measure the tolerance of the plasma membrane to freezing (Levitt 1980) whereas chlorophyll fluorescence detects damage in photosynthetic functions (Bolhàr-Nordenkampf and Öquist 1993) . Careful analysis of both parameters in this experiment revealed that there might exist some genetic variation among S. tuberosum cultivars in their tolerance to freezing and photoinhibition. However, the monitored differences between the cultivars were modest and are of restricted significance for breeding programs. Also there was a discrepancy between the results on fluorescence and oxygen evolution. F V /F M reflects the efficiency of PSII and therefore the values should be in accordance with oxygen production . The results on oxygen evolution measurements suggest that freezing to -3°C resulted in severe damage to the photosynthetic apparatus of potato cultivars. At the same time only moderate decrease in F V /F M was detected. Similarly in potato hybrids, the production of oxygen after freezing correlated well with the LT 50 -value determined by ion leakage tests. Taken together, the results show that especially freezing damages to photosynthetic apparatus can be detected earlier and more accurately by oxygen evolution than by changes in F V /F M .
Exposure to high light intensity increases freezing injury to the photosynthetic apparatus
High light intensity increased frost injury in all potato genotypes studied. Chlorophyll fluorescence data showed that interspecific hybrids suffered less from photoinhibition than S. tuberosum cultivars. Steffen and Palta (1986) reported similar results for the freezing tolerant wild potato species S. acaule. They also found that low temperature caused greater inhibition of photosynthetic capacity at low or moderate (40 and 400 µmol m -2 s -1 ) light levels in S. tuberosum. At low temperature high light intensity can cause imbalance in energy supply and consumption. As a consequence the risk for formation of reactive oxygen radicals increases (Krause 1994) . Andean wild potato species have better capacity to detoxify these molecules than S. tuberosum (Kristjandottir and Merker 1993) . Species such as S. commersonii can also increase this capacity when exposed to low temperature (Seppänen et al. 1998, Seppänen and Fagerstedt 2000) . Thus, greater capacity to scavenge reactive oxygen radicals may explain the better tolerance of the hybrids to some extent.
The mechanisms of frost injury in the potato canopy
The mechanisms of chilling and freezing injury are significantly different. During freezing stress plants have to cope with cellular dehydration and mechanical injury, both of which are caused by growing ice crystals (Levitt 1980) . Chilling injury, however, is a consequence of metabolic disturbances and accumulation of toxic by-products, such as reactive oxygen species (McKersie and Lesham 1994) . In the field, potato plants can experience both chilling and freezing stresses. Cultivated potato is classified as a freezing sensitive species that can suffer from significant photoinhibition when exposed to chilling temperatures (Chen and Li 1980 , Steffen and Palta Vol. 10 (2001 ): 153-163. 1986 ). The results of this experiment show that although the damage to the potato canopy started to develop after the ground temperature had decreased below freezing, the temperature inside the canopy was still relatively high. As a result, frost injury developed slowly, indicating that damage to the photosynthetic apparatus had occurred (Steffen and Palta 1989b) . The opposite is true in years including 1998, when the frost was more severe and the temperature inside the canopy decreased below the killing temperature of potato. After such a severe night frost the entire leaf area was rapidly lost. Thus, depending on the severity of the frost, the injury to a potato canopy can be due to freezing or non-freezing temperatures. In order to improve low temperature tolerance of cultivated potato it would be important to increase tolerance to both kinds of frost injury. Potato hybrids were more tolerant to freezing and their photosynthetic apparatus suffered less damage when exposed to freezing or high light intensity stress. The result is in accordance with the earlier observations of Steffen and Palta (1986) that tolerance to freezing and low temperature photoinhibition are somewhat linked to each other and thus, both traits can be improved simultaneously in classical breeding programs. However, the nature of frost injury in the field has to be taken into consideration when molecular breeding and genetic transformation are used. Molecular techniques are often restricted to a manipulation of one tolerance mechanism at a time and for successful results it is critical to understand the primary cause of frost injury in the field.
Comparison of results from controlled frost treatments and field experiments
The results from the laboratory experiments increased the understanding of frost injury in the field. In the growth chamber frost injury started to develop at a lower temperature (-5°C) than would be predicted according to the ion leakage results. However, when leaf discs were used freezing to -3°C caused a significant reduction in photosynthetic capacity but no observable freezing injury. Plants can avoid ice formation to some extent by lowering the freezing point and supercooling (Levitt 1980) . Supercooling requires absence of ice nucleators. In the field, however, plant leaves are colonised by epiphytic bacteria, or covered with dust or other particles that can act as ice nucleators (Lindow et al. 1982) . However, the LT 50 -value derived by the ion leakage tests is not necessary the actual killing temperature of the plant, but rather an incidation of plant's sensitivity to freezing. Thus, the actual freezing temperatures used in the ion leakage and growth chamber experiments should not be compared without precaution.
In the field and in the laboratory exposure to bright light after freezing increased frost damage significantly. Laboratory experiments verified the sensitivity of the photosynthetic apparatus in S. tuberosum to freezing and high light intensity stresses. Thus, in breeding programs it is important to focus on both traits -increased low temperature tolerance of the photosynthetic apparatus and freezing tolerance.
